A gas separator that makes use of the thermal transpiration in a rarefied gas is proposed, and its gas separation performance is investigated numerically. The separator consists of two kinds of flow channels with different length scales. An array of micro-channels is used to induce the gas separation effect by the thermal transpiration at intermediate Knudsen number, and two larger channels are used to accumulate the extracted molecules by the gas flows with larger flow velocities. Numerical example shows that the molar fractions of a gas in the two larger channels differ by several percent when the Mach numbers are approximately 0.2 there. The possibility of larger concentration difference is also discussed.
INTRODUCTION
The thermal transpiration phenomena, in which the non-uniform temperature field induces gas flows or non-uniform pressure field, are well known as the effect of the mean free path of gas molecules in a rarefied gas. The thermallydriven pumps, such as the Knudsen compressor or the thermal edge compressor, are the devices that make use of the effect to operate with no moving parts. (See [1] for references.) For gas mixtures, the phenomena of diffusion or separation are also important effects of the mean free path as well as the thermal transpiration. This means that the molecules of different species may flow differently in the thermally-driven pumps, and that the gas separation is possible by these pumps. This is confirmed by recent analysis and experiment in [2] [3] [4] ; A gradient of molar fraction in the pump is induced when the gas flow induced by the pump is blocked by external pressure difference. The molecular exchange process, where smaller molecules and larger molecules flow in the direction opposite to each other, is also observed [2] . The aim of these studies [2] [3] [4] is to demonstrate the gas separation effect of the thermally-driven pumps, and thus simple closed systems are considered. From the engineering viewpoint, the gas separation in an open system, in which the system continuously generates concentrated gases from continuous supply of source gas mixture, may have big advantages. Motivated by above consideration, the authors proposed an open system of gas separator in [5] . In the present paper, we investigate the performance of the gas separator by DSMC simulation based on the Boltzmann equation using the improved numerical model of the gas separator.
GAS SEPARATOR WITH THE THERMAL TRANSPIRATION
In this section, we introduce a gas separation effect of the thermal transpiration with special interest in the molecular exchange flow described above, and then show the gas separator that makes use of it. We consider a binary mixture of gases of hard-sphere molecules A (mass m A and diameter d A m of a molecule), and B (m B , d B m ) in the present paper.
Molecular Exchange Flow with Thermal Transpiration in a Channel
Consider a gas mixture in a channel between two parallel plates, and its slow flow induced by small gradients of temperature T , pressure p, and molar fraction χ of A-gas (χ = n A /n; n A , n: molecular number density of A-gas and the mixture, respectively). The flow rate N α of α−molecules (α = A, B) per unit width of the channel is expressed by where d is the distance between the plates, x is the spatial coordinate along the channel, and the subscript C indicates the values at the reference state. The values of the coefficients N α * ( * = P, T , and χ), which depend on m B /m A , d B m /d A m , χ C , and the Knudsen number Kn (Kn = ℓ C /d, ℓ C : mean free path of A-gas at the reference state p C and T C at rest), are determined by the solutions of the linearized Boltzmann equation, and their database is constructed in [6] . Now we estimate the size of molecular exchange flow by Eq. (1). From N = N A = −N B , we obtain the following condition:
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The nondimensional flow rate of moleculesN is then expressed by the gradients of T and χ as follows.
Under a fixed value of nondimensional temperature gradient (d/T C )(dT /dx), N J determines the nondimensional flow rateN under the condition dχ/dx = 0, and G χ determines the gradient of molar fraction required to stop the flow. Figure 1 shows the values of G χ and N J versus Kn for the case of m B /m A = 2, 4, and 10, χ C = 0.5, and d B m /d A m = 1. The value of G χ increases and approaches a positive constant as Kn → 0. The non-zero gradient of molar fraction at Kn → 0 is known as thermal diffusion [7] . On the other hand, N J vanishes in this limit, and it takes its maximum value at Kn ≈ 1. In this work we make use of the flows close to the molecular exchange flow at Kn ≈ 1 as the driving force of the gas separator, based on the idea that the size of N J is important for a gas separator as well as the size of G χ .
Concept of Gas Separator
The concept of the gas separator system is shown in Fig. 2 (a). The separator consists of two main channels, H and C, and a gas separation device S that connects them. The gas mixtures in the main channels flow from the inlet to outlet of each channel with some effects of device S. If the gas flows in main channels (main flows, in short) are fast enough, the effects of device S are confined in the gas downstream of them. That is, the gas components at the two exits of the system are different from that of the source (or inlets). That is, the system works as a gas separator.
There is a wide variety of constructions of this system. The device S can be one of the thermally driven pumps[1] or a simple channel described before. Various driving force may be used to induce the main flows, e.g., pressure gradients or motion of channel walls. There is a possibility of cascade of these systems since the molecular exchange flow in device S does not disturb the state of the gas in main channels except the molar fraction. In any case, there are common requirements I: length scale in device S ≈ ℓ C to obtain faster molecular exchange flow; II: large flow speeds and width ≫ ℓ C of main channels to obtain enough effect of convection terms (or nonlinear terms) in the classical fluid dynamics [9] . Without the condition II, the output molecules of device S will diffuse upstream and downstream without distinction. From this point of view, the widths of main channels have to be larger than the length scale in device S. On the contrary, low flow speed and small width of main channels are preferable to obtain a finite variation of gas components by the separator system, since the performance of device S is naturally limited. The aim of this paper is to demonstrate the possibility of the gas separator under the conflicting requirements described above. To this end, we investigate the steady behavior of gas mixture in the separator system by DSMC method of the Boltzmann 
NUMERICAL MODEL AND METHOD OF SOLUTION

Numerical Model
The numerical model of gas separator is 2-D and is shown in Fig. 2(b) . For the convenience of explanation, we introduce a rectangular coordinate system (X 1 , X 2 ), where X 1 -axis is taken parallel to the walls of main channels. (The selection of the origin can be seen from Fig. 3 later.) The main channels H and C have common width D and length L, and the temperature of the solid walls are T H in heated channel H and T C in unheated channel C (T H ≥ T C ). The array of micro-channels, M, consists of m micro-channels of width d and length t. The temperature of solid walls of micro-channel varies linearly between T H and T C . The reference state in this system is defined by the temperature T C and pressure p C , the latter of which will be described below.
Here we explain the boundary conditions of main channels to drive the gas separator. The distribution of gas molecules that enter the separator from each end of main channels are the corresponding part of the Maxwellian The values of the constants b # * are calculated simultaneously with DSMC process so that flow rate of molecules (p # * /κT # * ) ∫ u # * dX 2 will coincide with the numerical data of the flow rate of molecules N # * averaged over some region Ω # * nearby the boundary [see Fig. 2(b) ]; (4) χ I C = χ I H and it is a given constant. Hereafter its value is denoted by χ C . On the other hand, χ E * is determined by the average over Ω E * in a similar way to b E * . In our previous paper [5] , v v v # * = 0 and χ # * = χ C are applied instead of above conditions (3) and (4). As the results, there appears a large transition layers around the inlet and outlet of the main channel. The conditions (3) and (4) above are introduced empirically to reduce the size of these transition layers. On the wall surfaces of main channels and the array of micro-channels M, we apply the diffuse reflection as the boundary condition. We also introduce the specular reflection condition at the centerline X 2 = Const. of main channels, and carry out numerical simulation only on the array M and the half parts of each main channel. This makes it easy to evaluate the effect of M with smaller computational load.
Method of Solution
The DSMC method applied in this paper is a standard one found in [1, 8] , and thus we omit the explanation about it. Here we summarize the parameters used in the simulation in this paper. The cell size is d/2 × d/2, the number of particles for the gas mixture is 200 per cell at the state with pressure p C and temperature T C , and the time step is 10 −3 t C [t C = d/(2κT C /m A ) 1/2 ]. The steady solution is obtained as the time averaged data during 4 × 10 3 t C after time evolution of 6 × 10 3 t C -8 × 10 3 t C from appropriate initial condition. The region Ω # * in the previous section is put 10d apart from the end of the corresponding channel, and its size in X 1 direction is 10d. The average values N # * etc. in Ω # * are calculated using the numerical data averaged over time 250t C .
RESULTS
The Fig. 5(a) ]. It means that the total molecular flow through the array of micro-channels M, which vanishes in the ideal molecular exchange flow, does not disturb the pressure fields of the main channel. From Fig. 5(b) , slight effects of other channel are observed in the temperature field around M. The profiles of molar fractionχ * , shown in Fig. 5(c) , are approximately the same for both cases of m = 10 and 50 in X 1 < 20d. Further downstream, X 1 > 20d, the values ofχ * for m = 10 are nearly constant since there is no micro-channel, while those for m = 50 still varies due to the effect of micro-channels. The speed of the variation |dχ * /dX 1 | for m = 50, however, decreases as X 1 increases. This is because the large difference betweenχ H andχ C makes the speed of molecular exchange flow in the micro-channels smaller. In order to investigate the effect of the convection in the main channels, we carried out numerical simulations for different values of the pressure gradient a or the width of main channels D/d. Here we consider the cases for (i) a = 0.02 and D/d = 50 and (ii) a = 0.01 and D/d = 100. The values of other parameters are identical with those in the case for m = 10 shown in Fig. 5 , which is denoted by case (iii) a = 0.04 and D/d = 50 for clearness. In view of the plane Poiseuille flow in the continuum limit, the average flow velocities in the main channel for cases (i) and (ii) are the half of that for case (iii). From von Karman relation [1] , the Reynolds number Re is of the order of Ma/(ℓ C /D) thus 2Re[case (i)] ≈ Re[case (ii)] ≈ Re[case (iii)]. The profiles ofχ * for cases (i) and (iii) are compared in Fig. 6(a) . The differenceχ H (X 1 ) −χ C (X 1 ) at the outlets for case (i) is larger than that for case (iii) since the flow rates in the main channels for case (i) are smaller and the gas separator generates fewer amounts of output gases. It is also seen that the effect of the micro-channels extends upstream and spoils the uniform state around the inlets. This is the diffusion effect revealed by smaller size of convection effect. The profile ofχ * for case (ii) is shown in Fig. 6(b) with that for case (iii). There is only slight difference ofχ H (X 1 ) orχ C (X 1 ) around the outlets between these cases since the flow rates in main channels are approximately the same for these cases. On the other hand, the effect of the micro-channels for case (ii) extends upstream as in the case (i). From these results, it is inferred that the Mach number, as well as the Reynolds number, is important to suppress the diffusion in the upstream region of micro-channels.
The case (iii) above is analyzed under different values of molar fraction of the source gas, χ C = 0.1, 0.3, 0.7, and 0.9. In order to compare the performance of the gas separator in these cases, we introduce ∆χ =χ E H −χ E C , whereχ E * is the molar fraction based on the number of molecules downstream of M (i.e., 20d < X 1 < 80d). The results are as follows: (χ C , [1/χ C + 1/(1 − χ C )]∆χ) = (0.1, 0.073), (0.3, 0.063), (0.5, 0.058), (0.7, 0.046), and (0.9, 0.030). A scale factor 1/χ C + 1/(1 − χ C ) is introduced in this comparison since ∆χ are naturally small for χ C ≈ 0 and 1. It is noted that the speeds of main flows and sound speed increase as χ C increases (or average molecular massm decreases); the Mach numbers of main flows are commonly Ma = 0.27 (channel C) and 0.17 − 0.18 (channel H) for these cases. Finally, in order to estimate the size of the error in the numerical analysis, we carried out numerical simulation for the case (iii) above with different size of the DSMC cell. It is confirmed that the difference ofχ C (X 1 ) orχ H (X 1 ) between the results for two cell sizes, d/2 × d/2 and d/4 × d/4, is of the order of the disturbances accompanied with the DSMC results. Therefore, the numerical errors may not affect the discussions in this paper.
DISCUSSION
The design of a gas separator that makes use of the gas separation effect of thermal transpiration is proposed, and the gas separation performance of a simple model of the gas separator is investigated numerically by DSMC method based on the Boltzmann equation. The results show that the system works as a gas separator and has the ability of changing gas components of the mixture that flows with finite size of Mach number, e.g., Ma ≈ 0.2. In the present model of gas separator, the difference of molar fractions between its two outlets is naturally limited by the gas separation performance of a micro-channel. There will be various improvements on this point. The device S in Fig. 2(a) can be the thermally-driven pumps, such as the Knudsen compressor and the thermal edge compressor. These devices obtain larger difference of molar fraction between their two ends. Therefore, the limitation above is removed. Another guide for the improvements is found in the gas separation by the thermal diffusion column [7] : A counter flow, which is actually a vortex of natural convection, in a long vertical tube accumulates the effect of horizontal molecular exchange flow in the same tube, and a large variation of gas components in the vertical direction is induced. As for the present gas separator, the vortex can be replaced by two main flows in the opposite directions. This will lead a similar variation of gas components along the main channel, while the speed of molecular exchange flow is quite different from that in the thermal diffusion separation. In the thermal diffusion separation, the natural convection requires small Knudsen numbers, thus the speed of molecular exchange flow become small [cf. Fig. 1(b) ]. On the other hand, we can choose the Knudsen number for the molecular exchange flow independently of the condition for main flows, since we prepare different flow channels for different physical processes, separation and accumulation of molecules. These improvements, that is, the use of thermally driven pumps and the main flows in the opposite direction, and the selection of the actual system from these variations that matches the specific target, are left for future work.
